Snow failure is the result of gradual damage accumulation culminating in macroscopic cracks.
Introduction
In heterogeneous materials such as fiber composites, rocks, concrete, or snow, failure (the point when the material reaches its ultimate strength) may occur as the culmination of a progressive damage process. In other words, failure does not occur by a "one-crack" mechanism, but instead by the complex interactions between multiple defects and microcracks (Sornette, 2006, p. 313) . During the damage process acoustic emissions (AE) are generated due to the formation as well as the growth of micro-cracks. Those AE can be used to study how failure develops (e.g. Grosse & Ohtsu, 2006) and in some cases to predict failure (e.g. Amitrano et al., 2005; Faillettaz et al., 2011) .
Snow failure strongly depends on the speed of the imposed load. At rapid loading or deformation snow exhibits brittle failure behavior while for slow loading snow shows ductile failure behavior (Narita, 1980; Schweizer, 1998) . A good understanding of the snow failure process is essential for modeling snow avalanche formation. In particular for the case of natural avalanches, the processes leading to initial crack formation are not fully understood.
By studying the AE generated in snow prior to failure, it is possible to shed light on the damage process preceding failure and the mechanisms controlling the loading rate dependence. Recently, presented results of snow loading experiments with concurrent ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. measurements of the generated AE preceding failure. They found not only the failure behavior (brittle vs. ductile) but also the AE response to depend on the loading rate. At high loading rates, the exponent of the AE energy distribution (b value) decreased gradually and the AE energy rate increased exponentially. At low loading rates the exponent was almost constant and the exponential increase of the energy rate less pronounced. They suggested the observed differences in the AE signature to indicate a difference in the damage process. However, they could only hypothesize about the possible reasons since they had no model at hand to link the AE features to the damage process. Only with a model it seems possible to understand and interpret the AE signatures preceding snow failure and their dependence on the loading rate.
RESEARCH LETTER
Snow consists of a highly porous ice matrix with air filling the pore space. The ice matrix can be described as discrete ice elements (grains) welded (sintered) together, as shown by microcomputed tomography (e.g., Coléou et al., 2001) , and thus forming a heterogeneous structure. The form, size, and connectivity of the elements (microstructure) strongly influence the mechanical properties of snow (e.g., Mede et al., 2018; Schweizer et al., 2003) . Moreover, the ice itself has peculiar mechanical properties due to its high homologous temperature under natural conditions. On contact two ice particles bond immediately (sintering), and the strength of the bond increases with time (Gubler, 1982; Szabo & Schneebeli, 2007) . Furthermore, the ice undergoes viscous deformation (creep; e.g., Schulson & Duval, 2009; Sinha, 1978a Sinha, , 1978b . Therefore, to model the damage process of snow, it is necessary to consider both the mechanical properties of ice and the complex interaction between the single elements of the ice matrix.
A possible class of models to describe snow failure are statistical models of failure such as the fiber bundle model (FBM; e.g., Kun et al., 2006) . The FBM consists of a high number of single elements (fibers) with heterogeneous strengths, which obey simple mechanical (e.g., elastic deformation) and interaction (e.g., global vs. local load sharing) rules. From the interaction of the high number of single elements, the complex damage process of the bulk material is reproduced. A first attempt to model snow failure with a FBM was presented by Reiweger et al. (2009) . They modeled displacement-controlled shear experiments and were able to reproduce the ductile-to-brittle transition that snow exhibits with increasing strain rate. This well-known rate dependence of snow strength (e.g., Narita, 1980; Schweizer, 1998) resulted from the different characteristic times they had selected for breaking and reforming bonds.
More recently, a new version of a FBM including two healing mechanisms, sintering and load relaxation, was suggested for modeling the mechanical behavior of snow (Capelli, Reiweger, Lehmann, & Schweizer, 2018) . In their model, sintering counteracts the damage process creating new, load-supporting fibers and leads to an increase of the bundle strength without, however, changing the character of the failure with respect to the FBM without healing mechanisms. Load relaxation, which originates from the viscous deformation of the fibers, transfers load from the old fibers carrying more load to the fibers newly created by sintering. Apart from further increasing the strength of the system, load relaxation in combination with the effect of sintering changes the type of phase transition at failure with effects similar to the observed dependence of the AE signatures during snow failure experiments.
In this work, we combine the results of snow failure experiments with the recently proposed FBM (Capelli, Reiweger, Lehmann, et al., 2018) . We evaluate whether the suggested FBM, which includes sintering as well as load relaxation, can reproduce load-controlled snow failure experiments and the concurrent AE signatures, which were observed to depend on the loading rate. We aim to shed light on the damage process preceding failure and the mechanisms controlling the loading rate dependence. The understanding of the microscopic processes leading to macroscopic snow failure will contribute to better models describing snow avalanche formation.
Methods

Snow Failure Experiments
We performed loading experiments using quadratic snow samples with a side length of 50 cm and a height of about 10 cm. The layered snow samples included in the middle a weak layer consisting of depth hoar crystals, which was grown following the method described by Fukuzawa and Narita (1993) . The samples were produced by sieving snow into three snow layers with different densities (middle [weak] layer 10.1029/2019GL082382
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~150 kg/m 3 and top and bottom layers~300 kg/m 3 ), which were then subjected to a temperature gradient of 1-1.5 K/cm for 7 days inducing snow metamorphism (faceting).
For the snow failure experiments the snow samples were clamped between two metal plates, and the load was increased linearly until the sample failed or the maximum load of 20 kPa was reached. We applied three different loading rates (32, 168, and 400 Pa/s). The samples were subjected to mixed-mode loading (shear and compression at 35°), thus mimicking the situation on a typical avalanche slope. The applied load resulted in a progressive deformation of the samples, which was concentrated in the weak layer. At failure, a crack formed along the weak layer, and the weak layer eventually collapsed. Displacement and strain were obtained with particle image velocimetry from a video of the samples. During the loading process, the generated AE were recorded. The monitoring of AE allowed assessing the ongoing damage process preceding failure. The load-controlled snow failure experiments were described in detail by .
Fiber Bundle Model
In the following, we describe the main features of the FBM that was described in detail in Capelli, Reiweger, Lehmann, et al. (2018) . The FBM consists of a set of N fibers subjected to a load σ increasing with loading rate _ σ. The fibers have heterogeneous strengths mimicking the heterogeneity of snow. The fiber strength σ th is drawn from a Weibull distribution:
(1)
The shape factor k controls the amount of disorder in the system, and μ is a scaling factor. The load on the fibers is increased stepwise to the strength of the weakest fiber causing steps of variable duration
When the load on a fiber reaches its strength, the fiber fails, and the load is redistributed among the surviving fibers (democratic or global sharing). The load redistribution may cause failure of other fibers and possibly initiating a cascade or avalanche of fiber ruptures, which we will refer to in the following as a fiber rupture burst to avoid confusion to snow avalanches. The load increase eventually leads to the failure of the entire bundle when all fibers fail.
We added two features to this classical form of FBM:
a In analogy to the sintering mechanism of ice, at each time step the broken fibers can heal (sinter) and regain full strength, which is independent from the previous fiber strength. The load is zero immediately after sintering and increases with the external load or with load redistribution. The same applies to the fiber strain. We assume that the probability of forming a new bond depends on the amount of damage (see Reiweger et al., 2009 ) and increases with time. Therefore, the probability p s,i that a given broken fiber i resinters during the time interval Δt is
and depends on the number of broken fibers N broken as well as the characteristic sintering time t p , which controls the speed of the sintering process.
b We assume that the fibers are viscoelastic and each fiber can be described by a spring with elastic modulus E and a dashpot with viscosity η connected in series (Maxwell element). This viscoelasticity leads to time-dependent relaxation of the load inhomogeneities that arise since the resintered fibers do not carry load initially. More specifically, the viscous deformation leads to an exponential relaxation of the single fiber load σ i to the mean fiber load 〈σ〉 with
with the characteristic relaxation time t r ¼ η E controlling the relaxation speed. The deformation of the fiber bundle is a superposition of elastic and viscous deformation. The strain ϵ at the loading step J is obtained by the sum of the strain increases:
where Z j is the fraction of intact fibers, σ k,j the load of the fibers k, and S j the fibers that failed at the loading step j. The magnitude of the elastic part of the strain depends on 1 E and the viscous part of the strain on 1 η :
Model Calibration
We exemplarily compare the FBM model results with the result of failure experiments at three loading rates (400, 168, and 32 Pa/s) loaded at an angle of α = 35° . We will first discuss the physical meaning of the parameters governing the FBM and relate them to experimental values for snow. A comparison of the FBM with the experimentally observed failure behavior and the measured AE signatures will be presented in the next section. The strength of the fibers follows a Weibull distribution with the parameters μ and k (equation (1)). The scale factor μ controls the mean strength of the fibers 〈σ th 〉 and, therefore, the strength of the bundle. We adjusted μ to fit the strength of the fiber bundle (〈σ th 〉 = 22.3 kPa) to the strength of the snow samples. The shape factor k controls the amount of disorder in the system, and the disorder is higher for smaller k. The strength distribution should reflect the strength distribution of the elements of the ice matrix (bonds). Since no direct measurement method is available, we assumed the type of distribution and the value of k = 1.1, which gives the best fit to the experimental data.
The speed of the sintering process depends on the probability of creating new bonds (equation (2)), which is controlled by the amount of damage (number of broken fibers) and the sintering time t p . The probability of sintering increases with the number of broken fibers N broken , since we assume that in order to form a new bond, a broken fiber needs to meet another broken one. This assumption has been used before for modeling snow failure (Louchet, 2001) and for a FBM previously applied on snow (Reiweger et al., 2009) . The strength of a new ice bond increases with time. Therefore, we assumed that some time is necessary until a new fiber can carry load. This is equivalent to introducing a time-dependent sintering probability governed by the sintering characteristic time t p . For snow the characteristic time t p is assumed to be constant (and therefore also the sintering speed), while the relationship between sintering and damage speed changes with the loading rate. The effects of sintering speed on the damage process are discussed in more detail in Capelli, Reiweger, Lehmann, et al. (2018) . The parameter t p = 20 s was adapted to meet the loading rate for which a transition in the failure behavior of snow was observed for the experiments (between 32 and 168 Pa/s).
The relaxation speed is determined by the characteristic relaxation time that depends on the ratio of viscosity to elastic modulus t r ¼ η E . Increasing the relaxation speed leads to faster load transfer from older fibers to younger fibers, which initially carry less load. The effects of relaxation speed on the damage process and failure behavior are discussed in more detail in Capelli, Reiweger, Lehmann, et al. (2018) . Besides controlling the relaxation speed, the ratio of viscosity and elastic modulus also influences the bundle strain and its dependence on the loading rate (equation (4)). Therefore, the two parameters viscosity and elastic modulus need to be adapted to the measured strain and the observed failure behavior. We determined the elastic modulus and the viscosity fitting the stress strain relation and strain rate of the model to the measured curves for the lowest and fastest loading rate (see Figure 1 ) obtaining the best results with a characteristic relaxation time t r ¼ η E ¼ 2 s: Moreover, we compared the elastic modulus and viscosity used within the model with literature values of snow rather than ice since the strongly simplified structure of the FBM (unidirectional fibers) cannot reproduce the complexity of the ice structure of snow (Kirchner et al., 2001) . Hence, the single fibers should be viewed as small discrete snow cells. Literature values of the elastic modulus of snow span over several orders of magnitude depending on snow density and type (e.g., Mellor, 1975) . In addition, the measurement method has a strong influence on the reported values. Most methods provide an effective elastic modulus lower than the true Young's modulus, since the applied forces and deformation rates are not in the range where the deformation of snow is linear elastic (Reuter et al., 2019) . The method providing best results for the elastic properties of snow is based on measuring the propagation speed of acoustic waves, which induce deformations that are small and fast enough to be in the elastic range (Capelli et al., 2016) . Gerling et al. (2017) reported values of the elastic modulus in the range of 10-20 MPa for the density range of the weak layers of our samples (~170 kg/m 3 ). The elastic modulus E = 19 MPa we used for the FBM simulations is in agreement with the reported literature values (Gerling et al., 2017) .
Also the literature values of snow viscosity vary widely. In addition to the expected dependence on snow density and type, snow viscosity also depends on temperature (Arrhenius type of relation), load (power law), and strain rate (power law; e.g., Mellor, 1975; Narita, 1983) . These effects stem from the complexity of ice rheology. Therefore, it is evident that the assumption of linear viscous deformation is a strong simplification. However, considering that the applied load is in a relatively narrow range and the temperature was constant for all experiments (−5°C), the linear viscosity approximation seems sufficient for studying the basic effects of viscous deformation and the resulting load relaxation on the damage process and failure behavior. The viscosity value we used (37.5 MPa s) is within the range of values reported by Mellor (1975) for snow with a density of 170 kg/m 3 (η = 10-10 3 MPa s) considering that Mellor (1975) refers to compactive viscosity, whereas our experiments were performed in mixed-mode loading.
Comparison of FBM and Experimental Failure Characteristics
The strain-stress relations of model and experiments are compared in Figure 1a . The higher strength and the higher strain at equal stress for low loading rates observed for snow were reproduced by the FBM. Moreover, the shape of the modeled stress-strain curves for low loading rates agrees well with the experimental curves. However, at low loading rates the model shows a divergence of the strain rate that was not observed in the experiments (Figure 1b) . The strain rate divergence is caused by a divergence of the number of intact fibers carrying load and the resulting increase of the load per fiber (see also the discussion about the order parameter in Capelli, Reiweger, Lehmann, et al., 2018) . The recorded acoustic energy E AE is an indication of the amount of damage generated in the snow sample. Using the amount of energy per unit stress instead of energy per time allows comparing the increase of damage with increasing stress for the different loading rates. Hence, we refer to the energy rate as the energy rate of change with stress dEAE dσ . According to Hooke's law the elastic energy stored in the fibers is U ¼ σ 2 fiber 2 E (e.g., Michlmayr et al., 2012; Pradhan & Hemmer, 2008) . We hence assume that when the fibers fail, this elastic energy is dissipated partially as AE and that the AE energy E AE produced by the microscopic damage is proportional to the elastic energy U stored in the breaking fibers. Therefore, we can compare the modeled elastic energy rate dU dσ (Figure 1d ) with the experimental energy rate dEAE dσ (Figure 1c) . It needs to be noted at this point that the absolute values of the acoustic energy rates are difficult to compare, since the magnitude of the measured signals strongly depended on signal attenuation, the snow characteristics, and snow-sensor coupling quality. For the experiments we observed an exponential increase of the energy rate toward failure and the exponential coefficient (slope in Figure 1c ) was higher for the higher loading rates. The model showed a similar behavior: an approximately exponential increase of the energy rate with increasing load (if the vicinity of the failure is disregarded) and a higher exponential coefficient at the higher loading rates. However, for the high loading rates the model showed a divergence of the energy rate close to failure, which has the same cause as the divergence of the strain rate.
The probability density functions of all events up to failure for the AE energy E AE and modeled burst elastic energy U are shown in Figures 2a and 2b . We can assume that a large part of the modeled low energy failure bursts would not be recorded in reality, since AE recording is limited by sensor sensitivity, signal attenuation, and noise. Therefore, we considered only the tail of the distributions (E AE ≳ 103 aJ and U ≳ 10 −7 J) in the following analysis. Both AE energy and elastic energy U were power law distributed, if just the highest energies were considered. The power law distribution P(E)~E −b is usually observed for rupture events (e.g., Gutenberg-Richter law in seismology) and is characterized by the exponent that is usually referred to as the b value. Recent studies (Amitrano, 2012; Amitrano & Girard, 2016; Vu et al., 2019) suggest that the rupture event energy is in fact power law distributed with a cutoff energy E 0 :
The cutoff energy E 0 increases with decreasing distance to failure Δ ¼ σc−σ σc :
The three exponents are related to each other (Amitrano & Girard, 2016) as
The divergence of E 0 causes an apparent decrease of the b value reaching the true exponent τ at failure (Amitrano, 2012) .
The evolutions of the distributions of E and U are shown in Figures 2c-2h . The b value was determined with a fit using the method described by Clauset et al. (2009) for all events (Figures 2a and 2b) and with a running window for the evolution approaching failure (insets Figures 2a and 2b) . The b value of all events up to failure for the AE energy did not show a clear dependence on the loading rate, whereas for the FBM the b value was higher with lower loading rate. As described in , for the snow failure experiments a change in the AE energy distribution with an apparent decrease of the b value with increasing load was observed for the higher loading rates (400 and 168 Pa/s). For the slowest loading rate (32 Pa/s) the b value was almost constant. Moreover, τ (or b value at failure) was higher for lower loading rates. The FBM showed similar results with apparent decreasing b value (Figure 2b ) and higher τ for slow loading. However, the b value of U at the lower loading rate was not constant but decreased toward failure. Using equation (6), the exponent γ can be calculated via b and τ. The insets in Figures 2c-2h show the scaled energy distributions for the scaling factor Δ γ (equations (5) and (6) and Amitrano, 2012) . For the high loading rates the scaled energy distribution curves collapsed for both the experiment and the FBM. This result corroborates the choice of power law with divergent cutoff assumption. The power law with divergent cutoff assumption seems not to be valid for the E AE at lower loading range (Figure 2e ), since we obtained γ = 21.2, an implausible result. In fact, the cutoff at high E AE (bending of P(>E)) is less pronounced at low loading rates. For the FBM with the low loading rate, the curves collapsed (Figure 2h ).
Discussion and Outlook
We compared the FBM results with the stress-strain relations and AE features of snow failure experiments with different loading rates. The FBM reproduced quite well the loading rate-dependent results of the experiments using parameters in agreement with values found in literature. The model reproduced the observed higher strength and higher strain at equal stress at slow loading rates compared to fast loading rates, and the form of the experimental stress-strain relation at low loading rates. Moreover, the modeled AE features were similar to the experimentally observed AE. For both model and experiment the energy rate increased exponentially toward failure (except for the model with high loading rates close to failure), and the exponential coefficient (slope in Figure 1c ) was higher for the higher loading rates. The FBM also reproduced well the observed characteristics of the energy distribution P(E AE ) for the experiments with high loading rates and the higher exponent τ observed for the experiments with lower loading rates. The higher exponent τ at failure suggests that a different type of phase transition occurs at failure for the low loading rates. Such a difference in the failure behavior can be reproduced in the FBM only if both sintering and load relaxation are included in the model .
On the other hand, there were also some differences between model and experimental results. For the fast loading rates the FBM shows a divergence of the damage rate at failure, which results in the divergence of the strain rate ( Figure 1b ) and energy rate dU dσ (Figure 1d) , which was not observed for the experiments. Such a divergence has been previously reported for a FBM with equal load sharing and indicates a (5) and (6)) with the potential data collapse. To ensure correct statistics, we used 100 realizations of the FBM with size N = 9 × 10 4 .
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Geophysical Research Letters second-order transition at failure (Pradhan et al., 2010) . A divergence of the AE energy rate was observed for load-controlled laboratory experiments on composite materials (Guarino et al., 1998) and for collapse of limestone cliffs (Amitrano et al., 2005) . Furthermore, a power law increase of the displacement velocity has been observed before break-off events from hanging glaciers (Faillettaz et al., 2016) . An exponential increase of the energy rate is generally reported for displacement-controlled experiments where the imposed displacement prevents a divergence of the damage (Guarino et al., 1998; Salminen et al., 2002) . A possible explanation for the missing divergence in the damage process for the snow experiments is that, for snow, failure occurred before the damage acceleration became visible in the acoustic energy rate. A mechanism that could induce such an early failure in the FBM is local load sharing (e.g., Faillettaz & Or, 2015; Hidalgo et al., 2002; Pradhan et al., 2010) . A failure criterion assuming lower fiber strength at high strain rate, which mimics the brittle-to-ductile transition of ice (Schulson et al., 1984) , may yield similar effects. Reducing the damage divergence at failure would improve the fit of the model to the stress-strain curve for high loading rates. Moreover, for the FBM model, the b value of U decreased with increasing load for the lowest loading rate, whereas the b value of the AE was constant for the lowest loading rate indicating a missing divergence of the cutoff energy.
The good agreement of modeled and experimental results is remarkable considering the simplicity of the model, and it confirms that the FBM is a valuable tool for studying the effects of basic microscopic mechanisms on the macroscopic failure behavior. Moreover, we showed that if we add viscous deformation and with it load relaxation, the FBM is capable of reproducing the observed loading rate dependence of the snow failure (e.g., larger strain at equal stress, no divergence, and higher τ for low loading rates). As shown by both sintering and load relaxation are necessary to correctly reproduce the AE features. also discuss in detail the role the different mechanisms play. Many current models used for studying snow failure, however, do not consider any healing mechanism or consider only sintering (e.g., Gaume et al., 2017; Reiweger et al., 2009; Steinkogler et al., 2015) . Our results show the necessity of considering both time-dependent mechanisms (sintering and load relaxation) for modeling snow failure at low loading rates (below~100 Pa/s for the snow type and conditions of our experiments) or for modeling natural snow avalanches where slow loading rates are involved.
The presented results have implications regarding the prediction of snow failure. The divergence of the damage rate at failure would allow identifying the failure point in advance. However, for the snow experiments and at low loading rates for the FBM, the divergence was not present. Similarly, the divergence of the cutoff energy connected with the apparent decrease of the b value, which would be as well a valid precursor (Amitrano, 2012; Amitrano et al., 2005; , was not present for both experiment and FBM at low loading rates. This lack of clear precursors questions the feasibility of snow failure prediction, in particular for the release of natural dry-snow slab avalanches, which initially involve slow loading rates.
Our model is obviously still a simple representation of snow and its behavior. Possible improvements include substituting the linear viscosity by a power law relation for creep (Barnes et al., 1971; Kirchner et al., 2001) or introducing a sintering probability that depends on strain rate, hence reflecting the higher chance of building a new contact if the bundle experiences a higher strain.
As the FBM cannot reproduce the complex 3-D geometry of the ice matrix of snow, the two healing mechanisms could as well be implemented into other models, for example, a discrete element model. The discrete element model was used for simulating AE of porous rocks (Kun et al., 2014) and for simulating snow failure Mede et al., 2018) . Finally, our findings may be applied to a slope scale model for studying natural avalanche release similar to the model of Fan et al. (2015) used for modeling landslide release.
Conclusions
We modeled snow failure experiments with a FBM. The experiments were performed at different loading rates and concurrently the AE were measured to study the influence of the loading rate on the progressive damage process prior to failure. The FBM included two healing mechanisms: (a) sintering that corresponds to regenerating broken fibers with time dependent probability and (b) viscous deformation of the fibers resulting in time-dependent relaxation of load inhomogeneities. Although our FBM is a strong simplification of reality, the model proved to be useful for studying the basic effects of the two healing mechanisms on the damage process and failure behavior. The FBM allowed reproducing the loading rate dependent stress-strain relations observed in snow failure experiments. Moreover, the FBM exhibited AE features similar to the observed loading rate dependent AE features occurring before snow failure. Our results demonstrate that the FBM-if extended with viscous deformation and the resulting load relaxation -can reproduce load-dependent features observed in snow failure experiments, which previously could not be shown by using an FBM with only sintering of broken fibers. Hence, we conclude that both sintering and viscous deformation with resulting load relaxation are essential for understanding as well as modeling snow failure. These processes are of particular relevance when studying natural release of snow avalanches where slow loading conditions are involved.
